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ABSTRACT 


A general approach for extending the useful operating 
frequencies of linear active networks is the Composite 
Meerational Ampiifier. The Composite Operational Amplifier 
1s generated by replacing single operational amplifiers 
with a network of N operational amplifiers (CNOA). Thes 
mevel apopreach to emvemaeie to othe dnleprated circu 
Maree, 2 operational amplifier (C20A), composite forms are 
mitesrated on to a single chip. Additionally, the resistor 
network of the composite is constructed to be digitally 
programmable making the composite operational amplifiers 
capable of different Q factors. Micmento 1s constructed 
Mmmemecod transistors, four capacitors, and 10 resistors as 
major components. The meOoverTallescize of the chip is 136 by 
185 mils and is packaged in a 24 pin dual in-line package 
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i INTRODUCTION 


A. OPERATIONAL AMPLIFIERS 

The Operational Amplifier (op-amp) is the most widely 
used analoe iIntegravedycarcurc. Prior to the development 
of integrated circuits, the op-amp was tolerable at best. 
With the increased dependence on integrated components in 
analog circutts, the op-amp has come to a tevel OT 
importance unknown to a single component in past electrical 
Restory. With the growth of importance has also come the 
need for improved performance op-amps. Speed and accuracy 
are todays benchmarks. High speed analog-to-digital and 
digital-to-analog converters and high speed switched 
capacitor networks are at the forefront of technology. 

Speed (slew rate) and accuracy (input offset voltage), 
as will be discussed below, are rarely achieved ina single 
op-amp design. Manufacturer’s "high" accuracy CMOS Sana 
Bipolar op-amps (offset voltages on the order of 3 to 5 mV) 
are not sufficiently accurate for todays demanding 
applications. Bipolar op-amps with accuracies in the 100 
microvolts range are available but have limiting slew rates 
(on the order of 10 Volts/ppsec or less.) It was, until 
recently, nearly impossible to obtain a single op-amp that 
1s both accurate and tacts Recent research has shown that, 


through a new design approach, high speed and accurate 


10 


op-amps can be achieved. This technique is referred to as 
Composite Operational Amplifiers. 

The general design procedure for Composite Operational 
Amplifiers is to combine N basic op-amps (e.g., LM741 or 
LF356) into a composite structure (Ref. 1]. The resulting 
op-amps were originally designed to meet or enhance several 
Beaetical aspects of op-amp behavior. Among these aspects 
were stability, dynamic range, extended bandwidth (BW), 
mmory voltage variations, gain bandwidth product (GBWP), 
and sensitivity. The composite op-amp technique will be 
discussed in detail (Chapter III) after the basic op-amp 
parameters and functionality are set forth below. 

MOSFET analog operational amplifiers are a relatively 
new concept to the analog world previously dominated by the 
bipolar transistor operational amplifier. Bipolar design 
has been favored over MOS design in linear applications due 
to better transistor matching and higher transconductance 
(gm) at similar operating levels [Ref. Dae Today, many 
linear/digital systems are combined in MOS technology due 
to the advent of sampled data techniques. Ae ar bet 
comparison between bipolar and MOS technology will be 
covered in Chapter III. 

It is essential that basic op-amp concepts be fully 
understood in order to understand and appreciate the 
benefits derived from the composite op-amp design. 


Chapter III will discuss the detailed background and 


mA 


theoretical aspects of the CZOAs, composites with two 
internal op-amps. Equations will be developed to show the 
transfer characteristics of the C2ZOAs. A historical 
background will also be presented on the development of 
CNOAs. 

Chapter IV will develop the idea of placing C2Z0As on 4 
single integrated ‘cireuie- The bulk of the work done in 
this research will be described in Chapter IV. Actual CMOS 
op-amps will be examined Cir oar o simulation Altra 
experimentation. These same op-amp designs will be placed 
on a single integrated chip using a chip designed at 
Ferranti Interdesign, ime. called the Monochip. The 
resulting design will be sent to Ferranti Interdesign for 
digitization, further simulation and manufacture. 

Chapter V will discuss the conclusions derived from the 
above experimentation and simulation. Extensions) and 
improvements as well as areas for further research will 


also be put forth. 


B. INPUT OFFSET VOLTAGE 

An ideal op-amp that has both inputs connected to 
ground should create and output voltage (Vo) equal to zero 
(nt © gx meme Sel Ee However, actual op-amps do not behave in 
this manner but rather exhibit a small DC voltage called 
the output offset voltage Mi Vou] This voltage represents 


an error voltage and is undesirable in applications 


2 


Taounew 1 Optisetsvouuage 
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requiring high accuracy. The voltage required at the 
inputs in order to force the output to zero is referred to 
as the input offset voltage (Vorr). The value of this 
voltage in most common operational amplifier is on the 
order of several millivolts. 

Yoo is caused by a mismatching between the two op-amp 
input terminals. This mismatching, in bipolar op-amps, is 
caused by the transistor pairs in the input differential 
stage having different vains and boee rina t resistances. 
These differences result in a non-zero differential first 
stage output voltage. This voltage is then amplified and 
even further corrupted by subsequent’ stages. Even in 
todays. CMOS technology, where component design and 
tolerances is extremely high, component parameters” still 
deviate about some statistical mean. As technology 
improves, input offset voltages decrease but are still a 
factor that needs consideration when using op-amps. 

To reduce Voo to zero an appropriate polarity and 
magnitude Vorf mus t be applied to the op-amp. 
Unfortunately this voltage varies from op-amp to op-amp, 
even in the same type and lot. The correction must be 
applied from a compensating circuit capable of applying the 
correct voltage to null or balance the op-~-amp (Figure 1.2). 
This nulling network has limitations in that the offset 
voltage can vary with power supply deviations and operating 


temperature. 
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Fireure 1.2 Offset Free Op-Amp 


In a closed-loop configuration, the offset voltage will 
be multiplied by the gain of the circuit potentially 
creating a sizable error in the output signal. Because all 
op-amps have a limited dynamic range (slightly less than 
the supply voltages), an offset could severely limit the 
dynamic range of the input signal the op-amp could handle 
without the output being corrupted. Every op-amp will have 
an input offset voltage. Its acceptability depends on the 


application and accuracy desired. 


C. SLEW RATE  DIMITATIONs 


Slew rate occurs in a non-small signal situation where 


the output signal is corrupted. This phenomenon is shown 
in Figure "1.3. The figure shows the difference in the 
slope of the input and output signals. Slew rate defines 


how rapidly the output voltage of an operational amplifier 
can change with respect to an instantaneous input voltage 
change. In mathematical terms, it is the maximum rate of 
output voltage change with respect to time assuming no 


signal distortion. 


re oN saat 


=| See (maximized) (lain 


Slew rate is a problem associated with large signal 
inputs; that is signals with amplitudes comparable to the 


power supply voltages. Slew rate is generally measured in 
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Pie ure L.3 Illustration of Slew Rate Limiting 
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volts per microsecond. If an op-amp is specified to have a 
l1 volt per microsecond slew rate, it can be translated to 
mean that the output will change no faster than 1 volt 
every microsecond. In. actuality? slew rate is not a 
constant in a given op-amp. It has been shown that slew 
rate is affected by the closed-loop gain, the DC supply 
voltages, and temperature. An increase in either closed- 
loop tn or DC supply voltage causes an increase in slew 
rate. An increase in temperature produces a decrease in 


slew rate [Ref. 3]. 


Lt ‘in the circuit illustrated in Figure 1.4 an 
instantaneous step input voltage is applied, the ouegpue 


cannot respond instantaneously and is initially zero. This 
happens because the eae stage (or input differential 
stage) transistors cannot handle the input voltage 
instantaneously and the internal capacitances will not be 
charged instantaneously. If the signal applied to the 


Circuit of Figure 1.4 is a high frequency sinusoid then 


Ve. SY = V_ sin wt en) 


The rate of change with respect to time of the output is 


then 


at p (ila 


18 








Figure 1.4 Voltage Follower for Slew Rate determination 
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The maximum change is when the COS term equals unity. Thus 


ae 
Sh ae (max) = os Ww (Tes 
or 
Z20i 
Sac e CVius> (1.5) 


where f is the input frequency in hertz and Vp is the peak 
voltage of the input sine wave. This equation implies that 
the slew rate determines the maximum frequency for a 
distortion free output. If the peak voltage is set equal 
to the maximum voltage specified for the op-amp then the 
resulting frequency is denoted as the Full Power Bandwidth. 
This is the bandwidth over which linear operation is 
assured. 

Slew rate limiting and the means to improve it in CMOS 
op-amps will be discussed in detail in Chapter II. It wile 
be shown that MOSFET operational amplifiers inherently have 


better slew rates than their bipolar counterparts. 


D. FREQUENCY DEPENDENT GAIN AND GBWP 

A parameter of much concern when making use of 
operational amplifiers is the finite op-amp frequency 
dependent gain, AS Figure 1.5 shows a typical frequency 


response for an internally compensated bipolar op-amp. 
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Beis ure 1 5 Typical Bipolar Operational Amplifier 
Frequency Response 


el 


Note the 3 dB frequency fit (Hz), the unity gain frequency 
fi (Hz), and the uniform 20 dB per decade (6 dB per octave) 


roll-off caused by the internal compensating capacitor 


pole. Also of concern is the op-amp gain bandwidth 
product or GBWP. GBWP for a given op-amp is considered a 
constant. Equations defining frequency dependent gain and 


GBWP will be developed for CMOS op-amps in Chapter Il. 
Bipolar op-amps have a GBWP of 105 to 107 hertz while a 
typical CMOS op amp has a GUT 96760 set oi The 
dependency of an op-amp circuit’s response to A and GBWP is 
of critical importance if an evaluation or comparison 


between op-amps is to have meaning. 


E. CONCLUSIONS 

The basic concepts of input offset voltage, slew rate 
lint ine. frequency dependence, § and GBWP have been 
discussed in general. In the next chapter, these factors 
will be looked at in detail as they apply to CMOS 
operational amplifiers. Chapter II will also show that an 
operational amplifier that is both fast (high slew rate) 
and accurate (low offset voltage) is impossible to obtain 
im a Single op —anip. Chapter III will show how composit s 


overcome the limitations of single operational amplifiers. 


II. CMOS OPERATIONAL AMPLIFIERS 


A. CMOS VERSUS BIPOLAR TRANSISTORS 

The schematic representations of bipolar and MOSFET 
transistors are shown in Figure 2.1. For DC biasing there 
exists a direct correlation between the bipolar emitter, 
base, and collector and the MOSFET source, gate, and drain. 
Mhaers Diasing relation is visualized LWeeerieure 2.2. A 
significant difference is at the base/gate node of the 
respective transistors. Ae OPDG bane Lransistor 1s current 
controlled by Ip» whereas the MOSFET is voltage controlled 
Dy Vcs. In both types of transistors, transconductance 
(gm) is a parameter of interest. Therefore, Vse and Ves 
are the Controlling Mr unctions for. their respective 
transistors. The output current and transconductance 


equations for the bipolar transistor are respectively 


i I. texp(qV,,/(nkT) ] -1} Zale) 


g_, = I a/(nkT) 2a } 


The equations for the MOSFET transistor are respectively 


nl 


i = KRCVag - Vn) (2.3) 


DS 
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Schematic Symbols for Bipolar and 


Figure 2.1] 


Corresponding MOS Transistors 
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Hee ieee 2. 2 DC Output Characteristic Comparisons 
Bipolar and Corresponding. MOS Transistors 


ao 


1 (ope 


1/2 (2.4) 


It is important to note that Te in the bipolar 1s san 
exponential function of Vee but Ins is a square function of 
Ves. [Ref. 2] 

Unlike the bipolar transistor which, regardless of the 
transistors size, has a typical gm equal to 40,000 micromho 
at lmA of operating current, the gm of a MOSFET is directly 
proportional to the square root of the ratio of its channel 
width to length. Therefore K in Equation 2.3 must _ be 
calculated from given process parameters (surface mobility 
and gate oxide capacitance/unit area) [Ref. 2]. 

The MOS and bipolar transistors have other pertinent 
comparisons. The turn-on threshold voltage (Vr) of a 
MOSFET can be compared to Vse of the bipolar. TypiGau 
values are 1 volt for the MOSFET threshold voltage and 0.6 
volts for the bipolar Vse. The operating regions of the 


MOSFET and the bipolar transistor are reversed as in Figure 


Ze Oi. The linear region for the bipolar transistor, where 
it is used as a linear amplifier, is where Ie is 
essentially constant for a_ given Vasc. The linear region 


for a MOSFET is where Vos is very small and the device acts 
as a voltage controlled variable resistor. The MOSFET is 


used as a linear amplifier when its operated in its 
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Operating Regions for Bipolar and MOS 


Figuree2..3 


Transistors 


et. 


saturated region. Finally, the switching speed of the 
bipolar = is severely degraded if Vce drops into the 
saturation region. The MOSFET, being a unipolar’ device, 
simply looks resistive if Vos drops to zero volts and loses 


very little switching speed. [Ref. 2]. 


B. INPUT OFFSET VOLTAGE 

Input offset voltage was discussed and defined In 
Chiaip i eimaa. The major factors that affect the input offset 
voltage of a CMOS op-amp are the width to length ratio 
(W/L) of the input stage transistors, differences in 
individual transistor threshold voltages, andthe W/L of 
the current mirror (Figure 2.4) in @heslirst§¢tacge- =e 
W/L ratio of the input differential pair transistors and 
the current mirror transistors of Figure 2.4 contribute to 
what is called systematic offset while the differences in 
the ideally symmetric transistors due to fabrication is 
called random offset. Each of the factors will be 
individually discussed below. 

The effect of the width to length (W/L) ratio of the 
input stage transistors is minimized as the W/L of the 
transistors is increased. Increasing the width reduces 
mismatch caused by diffusion irregularities at the two 
sides of the channel of the transistors. Increasing L 
reduces the mismatch due to diffusion irregularities in the 


source-drain diffusion lateral yorot ure ne to |. 
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Figure 2.4 Basic CMOS Operational Amplifier 
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Due to local diffusion variations, there will be 
differences in tthe threshold voltages of the individual 
transistors. This will contribute directly to mismatecmiaae 
between the input stage transistors and input offset 
voltage. If the transistors are "“quaded" or paralleled as 
in Figure 2.5, the affect of diffusion variations and thus 
threshold voltages will be canceled. 

In a properly designed CMOS operational amplifier only 
the transistors in the first stage contribute to Vorr. 
This includes the input differential pair transistors and 
the active Sansone mirror load. The input differential 
pair transistors contribute directly to Vorr. This means 
that a mismatch in these transistors of IlmV appears as a 
Imv amplifier offset. The active current mirror loads 


contribute to total offset acceordincgmtomsoquatrone. 7. 


Vofe — °Smi! qn) a nee (2.5) 


Where gai is the transconductance of the differential pair 
transistors, gm1 is the transconductance of the current 
Mireror transistors: and Vorf-ioad is the offset voltage of 
the current mirror load [Ref. 2]. 

The operational amplifier layouts used in this analysis 
use equal numbers of complimentary transistors for the 
differential pair and the current mirror load. Therefore, 


using Equation 2.5 the current mirror contributes directly 
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Figure 2.5 Quaded Transistors Current Mirror 
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to the amplifier offset. That is, a lmV mismatch between 
the current mirror transistors contributes imV¥V tO Va 
[Ref. 2) 

The effect of systematic offset can be illustrated 
using the two-stage op-amp in Figure 2.6. The differential 
stage is composed of Q1 through @5 while the single ended 
gain stage is Q6 and Q7. If there is no systematic offset, 
then grounding the input terminals will yield a zero output 
voltage. If the output terminal is now grounded the output 
current, Iout, must equal zero. This leads to Is and [7 
equal to zero. 

Assuming that the transistors have symmetric geometry, 
then (W/L) 1, (W/L)2, (W/L)3, and (W/L)4 are equal. This 
implies that the currents and voltages will also be 


symmetric. Thus, 


V =) aici = (2.6, 


If the value of Vess results in Is6 being equal to I7 when 


Vnsg 2 = ‘Dna De (2.8) 


then 


ae ey (2.9) 


Shy 
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Pieure 2.6 Two-stage CMOS Op-amp 


oc 


as required. If this is not the case, and Iout does not 
equal zero, a systematic offset exists. [Ref. 4} 
Let Vess’ denote the value of Vesse necessary to make Is 


equal to I7. The input offset voltage is 


_ U nS 1 
MR Csomemess 5) less 7 esa (2.10) 
OEE Ag | Ag 
where Aa is the voltage gain of the input stage. Assuming 
that all devices”7 are in saturation and neglecting 


modulation effects, the voltages of Q@3 and Q4 can be 


expressed as 
| (I /2) 
Yes3 ~ “ps3 = 'Gs4 7 boa = 8 eee K(W7Ey, (2-11) 


Vrp is-the threshold voltage of Q@3 and Q4 and kp is the 
constant transconductance factor for PMOS devices. The 


voltage for Q6 is, 


af NG 
V =e + ———— (2 22 


GS6 TP Kp (W/L) . 
Substitute Vess = Ves3 and Is = I7 into Equation 2.12 


I 
V ae ae ae (2.339 
GS3 TP KA CW/L) 


From Equation 2.11 and 2.13 the condition, 
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(W/L). 16/2 (2.14) 
(W/L), a I 





memmecessary for zero offset. Booking at O05 anda Q7, since 
their gate-to-source voltages are equal and neglecting 


channel length modulation, 


GW L) I 
2) O 
——— (G2 5») 
(W/L) - TW 
Pombining equations 2.14 and 2.15 
I 


(W/L) (W/L), 2 (W/L) 7 21, 


meeEgquation 9~§ 2.16 is satisfied then the currents Is and 
I7 are equal and Vout equal to zero is possible. If the 
gate to source voltages are not compatible and the Oe put 
terminal is open-circuited, then Vout is non-zero. The 
drain voltages of @Q6 and Q7 will compensate for’ the 
incompatibilities in the gate voltages. This may result in 
the transistors operating out of saturation. This will 
represent a major systematic offset and can significantly 
reduce the gain and bandwidth of the op-amp. 

Typical values for CMOS operational amplifier input 
offset voltages are 5-15 mV. Chapter IV will list the 
values found in the CMOS op-amps'7 used in this study. line 


will also be shown that the composite op-amp will yield an 


overall input offset voltage approximately equal to the 
offset voltage of the op-amp placed Im "tme Al or Thpee 


position (Figure 2.7). 


CC: SLEW RATE LIMITAtrONs 

Slew rate is a large signal phenomenon as discussed in 
Chapter 12 For a large input step voltage, some of the 
transistors in the op-amp may be driven out of their 
saturation (linear) region or completely cut off. AS a 
result the output is not capable of following the input at 
the same rate. This slewing is not directly related to the 
frequency response. Typical values for CMOS op-amp slew 
rates are 1 to 20 volts per microsecond. The slew rate is 
dependent on the. bias current and the compensation 
Capecitor: 

Figure 2.8 is used as the large signal model in 
evaluating slew rate. Before the input step voltage is 


applied the currents in Ql and Q2 are both equal (Io0/2). 


After the arrival of the large step, Ql conducts’ more 
current and cuts off Q2. Thus the out in Ql and Q3 is 
equal to Io. Because Q3 and Q4 form a current mirror, the 
Current in “@4 is Waelsoe [o- Assuming the output stage, A2 


can sink the current, Io, the slew rate is 


dQ I. 
SR = “at = iG AES a on (2 1s 
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beeure 2.7 Composite Operational Amplifier Showing 
Input[{[Al] and Output[{A2] Positions 


ne, 





Figure 2.8 Large Signal Model for Calculating Slew Rate 
of CMOS Op-amp 
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where Qc 1s the charge in Cc. Ce in turn is 


where Wg 


eo . C208) 


is the unity~gain frequency and 


i 
D 


‘on 
Aang 


moempining Equations 2.18 and 2.19 with 2.17 yields 


ire can 

rate of a 

unity~gain 
method is 
. frequency 

integrated 
The other 
mario of 


eurrent. 





I w if 
Se \) (220) 


has O Zt Wiel 


be easily seen from Equation 2.20 that the slew 


CMOS op-amp can be increased by increasing the 


bandwidth of the input stage{Ref. 4]. This 
used in most high slew rate circuits. The 
characteristics of the transistors in the 


circuit limit the maximum unity-gain bandwidth. 


method to increase slew rate is to decrease the 


the first stage transconductance (gm) to bias 


This is achieved by using MOSFET transistors with 


low gm inherent in a CMOS op-amp. This explains the slew 


rate improvement ie eChOSsmOp-amps  .over their bipolar 


counterparts. The limitation to this method is increased 


offset voltage inherent in the MOSFET circuit. MOSFETs are 


known to 


have higher input offset voltages than do bipolar 


a9) 


transistors, by at least a factor of 3 and often much more 
(Ref. 5]- 

In bipolar op-amps a method used to decrease the gn to 
operating current ratio is by rneluding emitter- 
degeneration resistors in the input differential amplifier. 
Again the penalty is paid in an increased offset voltage 
and ene if the resistors do not match extremely well. 
Other methods used to increase slew rate have been 
Sic eme een bul as before there is a corresponding 10c@ peewee 


in offset voltage) Wet oe 


D. FREQUENCY DEPENDENT GAIN AND GBWP 
Figure 2.9 shows the DC gain, Ao, the uniform 20 dB per 


decade roll-off, and the poles and zeros of a typical CMOS 


op-amp frequency response. Spi is the frequency of the 
first pole in the asseciated gaim or ransters1uncs von Le 
is affected primarily by the internal compensating 
capacitor of the op-amp. Sp2 is the second pole frequency 
of thee transfer function and is ae result of the 
compensation capacitor and the tnitvernal paras meee 
capacitances. Sz1 is the zero of the transfer function and 


has its roots in the transconductances of the output Stas 
transistors. The work done in this thesis assumes that all 
of the op-amps being studied will be stable and show this 
type of frequency response. The gain equation, if the Sie 


amp 1S compensated, can be approximated by 
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Figure 2.9 Typical Frequency Response of the CMOS Op-amp 
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aL SE) S527 
Where Ao is the DC Warm valiemand. cr. 1s measured in 
radians per second. For frequencies much greater than SPl, 


this expression becomes 





, » o° pl 
ACs) = z (2.225 


Thus the Gain Bandwidth Product (GBWP), %:i, of the op-amp 


1s given by 
o8) = | 
i 7 oe a2) 


which is generally considered as a constant and is used as 


a figure of merit. Oca sueshe & Equations 2.22 and Zaza 
y ie las 
ACs) = wi /s (2.2485 
or 
| 
MCs) = eae w (2.2500 


42 


Both Ao and fi ( W i, expressed in hertz) are 
temperature and power supply dependent. As stated in 
Chapter I, typical values for the GBWP of a CMOS op-amp are 


me to 10’. 


Bee CONCLUSIONS 

This chapter elaborated on the points made in Chapter [I 
as they apply to CMOS operational amplifiers. There are 
many similarities between bipolar and MOSFET oap-amps. 
However, the differences are of significance. ne Low 


transconductance of the MOS transistor affects both the 


slew rate (improving it) and the offset voltage (degrading 


i). Through various techniques these differences are 
minimized. For purposes of this study the differences are 
considered negligible. The CMOS op-amp will be tested and 


used in the same manner as it bipolar counterpart. 
Additionally, several methods to increase slew rate 
were put forth. The increase in slew rate in ail cases had 
a corresponding increase in offset voltage. The composite 
operational amplifier discussed in Chapter III will show 
means of achieving both high slew rate and low offset ina 


"single" op-amp. 
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FIT. COMPOSITE OPERATIONAL AMPLIFIERS 


Ae GENERATION OF CNOA’S 
Composite Operational Amplifiers were developed by S.N. 
Michael and W.B. Mikhael in 1980. Investigations into 


their behavior has been discussed in the literature [Refs. 


1,6-9]. The initial studies were trying to develop a 
technique of increasing useful bandwidth (BW) of <1); 
uSing operational amplifiers. Active compensation was 


examined and applied to the design of active filter 
networks. The resulting composite devices have three 
external terminals that resemble those of a standard op- 
amp. 

A complete study was made using basic operational 
amplifiers in numerous configurations to determine which 
configurations would yield amplifiers with both amplitude 
and phase compensation. Nullator-norator pairing was used 
to yield 136 possible CGinfeuit nmetwor sc. These networks 
were then further examined Seconda to the following 


Criteria: 


i Let <Aa(s) and Avp(s) be the non-inverting and 
inverting open loop gains of each of the 136 C20A’s 
examined. The denominator polynomial coeff iclemes 


of Aa(s) and Apv(s) should have no change in sign. 
This satisfies the necessary (but not sufficient) 
conditions for Ms tap law... AUS Ga, none of the 
numerator or denominator coefficients of dAa(s) and 
Avo(s) should be realized through differences. This 
eliminates the need for single op-amps of matched 
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GBWPs and results in low sensitivity of the CZOA 
with respect to its components. 


2. The external three terminal performance of the 
C20As should resemble, as close as possible, from 
the versatility point of view those of the single 
op-amp. 


3. No right half S plane (RHS) zeros due to the single 
op-amp pole should be allowed in the closed loop 
pains of the C20As (for minimum phase shifts). 

4. The resulting input-output relationship Ta(s) in 
the applications considered should have extended 
frequency operation with minimum gain and phase 
Wewrati2on trom theswdeal  trans*fer function Ti(s,). 
The improvement should be enough tao justify the 
increased number of op-amps. 

Only twenty seven of the 136 composite networks were 
found to have acceptable performance. From these twenty 
seven, four were found to have superior performance over 
the other C20OAs. These structures are shown in Figures 3.1 


through 3.4. 


The same techniques and basic approach were used for 


CNOAs where N > 2. Figure 3.5 shows the designs yielded 
Hor N = 3. In all cases the performance was improved as 
the number of active elements was’ increased. For this 


study only C2Z20As will be used although the designs 
generated here can be expanded to include CNOAS where N>2. 
It was shown in Ref. 1 that the open-loop gain input- 
output relationships are given by those shown in Figure 
3.6. The transfer functions, 3 dB frequency equations, and 
Q@ equations for C2Z0As' are shown in Figure 3.7. These two 


figures are the mathematical background necessary for the 
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baygurre 3... 2 C20A-2 Operational Amplifier 


a7 





e202=5° 


Fi grea os C20A-3 Operational Amplifier 
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C20A-4 Operational Amplifier 


Figure 3.4 
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Figure 3.5 
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C30A Composite Operation Amplifiers 
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C2ZOA Finite Gain Transfer, 3 dB Point (w a ae 


Figure 3.7 


and Qp Functions 


a2 


meudy Of CZ0As in this thesis. It should be noted that Q 
and the 3 dB frequency equations are a function of the 
compensation resistor ratio @ and the closed loop gain K. 
It would be desirable in most applications to select the 
suitable a and K that would yield an acceptable amplitude 
and phase deviation of the actual transfer function from 
the ideal and still satisfy any requisite conditions for 
Staopility. Via the Routh-Hurwitz stability criterion, the 
necessary and sufficient conditions for stability can be 


shown to be: 





ieee < as (3.1) 
mone CZOA-1 and C20A-2 and 

sg ee ea. 2) 
more CZOA-3 and finally 

1+ @ > 4(1+K) (ais oh) 
hor CZO0A-4. 
B. mie Ul OFFSET VOLTAGE 

Input offset voltage, as stated earlier, is a 

significant performance factor for an op-amp. It places a 
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Lower limit on the DC voltage that can be accurately 
detected and amplified. No two op-amps can produce in 
exactly the same manner, which includes offset voltage. 
Because of this, input offset voltage must be treated as a 
random variable. This randomness holds for both bipolar 
and MOS op-anmps. 

Because the distribution of the random parameter can 
only be generalized with many assumptions, an exact 
determination of the offset voltage from the transistor 
level is unlikely if not impossible. However, an attempt 
to predict the input offset of the composite op-amp based 
on the "known" offsets of the internal op-amps was made. 
This approach to determining offset was not difficult and 
will be covered below for the case of C20A-3. 

Using the circuit shown in Figure 3.8, Equation 3.4 ame 


3.5 may be written as 


V = Al V, (3.4) 


and 


22 (3.59 


Putting 3.4 intow3 Serves 


Vo ah) Vela (316 
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Frgure 3.6 CrTEcuLeunor Weterminrng the Input Offset 
Voltage for the C20A-3 


a 


rearranganges 25 


Pg ee 


3 2 (Al + a) (3370 


EP Vo tt>. the voltage required to offset op-amp AQ2, is 


reflected back to the input, then 


Cla 


3 7 ‘ort2 (Ale 0) sa 


Since the voltage required to offset op-amp Al is 
Vorfi, the input offset voltage for the composite, Vorr may 


be written as 


(1 + Qa) 


LV of £2 (Al + a) 


Caray 
where the term (Al + @) can be approximated by Al since Al 
is much larger than a. 

Using similar techniques, the input offset voltages ian 
the other composites can be shown to be those listed in 
Figure 3.9. In every case, except CZ0A-l1, 1t age 
interesting to note that the portion of offset due to A2 is 
divided by the open-loop gain of the Al op-amp. Because 
the open-loop gain of Al a many magnitudes larger than the 
offset of A2, the total offset can be considered to be that 
Of “Al lcomily- This simplification can be applied to C20A-1 


also given @ large. 
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C20A-2 


C20A-3 


Figure 3.9 


ase * ee ee 

ligeey 2° No cap UE 
\eposponttemtunllseereell aac iaagal alles 
eo ee 


C2Z0A Input Offset Voltages 


oof 


The importance of the equations in Figure 3.9 1s thaeee 
very accurate composite (low Vorr) can be generated using 
an op-amp with with a small input offset voltage in the Al 
position. The A2 position op-amps input offset voltage is 


for most purposes negligible. 


C. SIGNIFICANCE OF COMPOSTIE MP irs 

It was shown in Chapter [I that through relatives. 
simple means the slew rate of a CMOS amplifier can be 
LinpDroved. ane as in the case of the bipolar op-ampae. 
slew rate 1S improved the offset voltage deteriorates to 
unacceptable levels. Studies indicated, since composite 
operational amplifiers are tolerant of mismatched 
individual op-amp GBWPs, that CNOAsS might provide a unique 
capability to be designed to meet certain specifications. 
This could be achieved by selecting op-amps with different 
performance characteristics and by varying a to meet the 
desired requirements. 

The equations of Figure 3.9 indicate that the use of a 
precision op-amp, one with little DC error or offset, in 
the Al position of the C20As would provide excellent front- 
end characteristics and control the offset voltage of the 
composite. Additionally, a high slew rate, fast sett limi 
and wide bandwidth op-amp in the A2 position, would provide 


a fast output stage and, in turn, a fast composite. 


The slew rate and bandwidth limitations of the front- 
end, or Al op-amp, will have little effect on the output of 
the composite. It can be easily shown that the output of 
the Al op-amp, which is an internal node in each of the 
C20As, will always be much less than the output voltage 
Seng . Therefore, no Gist Omeron gor dynamic range 
limitations due to the limited performance of the front-end 
should be seen in the output of the composite. The C20A 
meee stidgw all the oulput performance churacteristics of 


the A2 op-amp. 


By CONCLUSIONS 

The concept of composite operational amplifiers and the 
general approach to their generation was’7 presented. The 
potential for developing high speed, high accuracy, 
operational amplifiers that extend the useful operating 
frequencies of linear active networks, was discussed. Of 
the 136 different C20A combinations achievable through this 
technique, four were shown to satisfy the given criteria 
and deliver superior performance. 

The C20As were analyzed for input cffset voltage. i 
was exhibited that the input offset of the composite op-amp 
will be approximately the same as the op-amp occupying the 
Al position. 

Vaabe wtne Al position determines the accuracy or offset 


of the composite, Similar arguments were developed 


DS 


indicating that the op-amp in the A2 position should 
determine the speed and bandwidth of the composite. The 
fact that the composite tolerates mismatching of the GBWP 
of the individual op-amps allows a slow, bandwidth limited 
op-amp in the Al position with ae fast, generally less 
accurate, but large bandwidth op-amp in the A2 position. 
The result is a fast and accurate composite operational 


amplifier. 
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IV. PROGRAMMABLE C20AS 


A. DESIGN PARAMETERS/SPECIFICATIONS 

The design for this thesis'7 had the following 
predetermined specifications. oer otrwometnie C2Z0A forms 
were to be laid out on the integrated circuit. A range of 
internal resistor ratios, a, between l andI10 would = be 
available and selectable by the user.- The number of pins 
maeeene chip would ideally be kept to a minimum. ists ys | ae 
the chip would be CMOS because of the low power consumption 
and the ability to combine both digital and analog design 
on the same chip. 

All of the requirements listed above were not achieved 
due primarily to routing limitations. The problems and the 
trade offs are discussed below. The design parameters were 
flexible enough to allow for the final design realization 
mo incorporate nearly all of then. The final integrated 


Syrcuit layout is discussed in Section C. 


Be DESIGN PROCEDURES 


ie Monochip Concept 


The final design of the programmable C20As was laid 


out on Ferranti Interdesign’s CMOS Monochip. The Monochip 
is a unique process that allows bapid design anc 
Manuwracture of custom integrated circuits [Ref. 2]. For 
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CMOS analog circuits, there are two sizes of Monodchig. 


available, the MLA and the MLB (Figures 4.1, 4.2). Each 


Monochip is predesigned with a set number of given 
components. Components include several sizes of NMOS and 
PMOS transistors, capacitors, and resistors. The 
transistor components used se development of the 


programmable CZOAs are snown in Figure 4.3. 

The individual designer must know the number and 
kind of elements required for his design to choose the 
appropriate, Moncen wo. For this study the MLA Monochip wus 
chosen to meet the component requirements. Once chosen the 
designer need only draw the interconnections for the 
components to be used. This information is used _ to 
customize the metalization layer to achieve circuit design. 
The development costs are a fraction of those found in 
fully customized design. Additicnakin the development 
schedule can be much~3 shorter. The Interdesign company 
provides a step-by-step manual, Ret 2c to develop the 
custom chip. Some of the more relevant steps include 
circuit design, simulation breadboarding, and chiv layenmwe 
The design of the Monochip is low risk and straight 
forward. 

Some of the advantages associated with choosing the 
CMOS Monochip design include virtually zero standby power 
eonsumpti on, established high reliability. ale the 


inclusion of both linear (analog) and digital functions. 
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2. Cireuit: Desiven 

Ferranti Interdesign has several CMOS dual inline 
package [DIP] integrated circuit op-amps available for 
breadboarding different design ideas. Each op-amp was 
tested to derive basic properties such as slew rate and 
offset voltage. In order to have @ basis of comparison 
one of the available designs was chosen to use as the basic 
op-amp in the C2O0OAs. The design selected, CMOS type Pl, is 
shown in Figure 4.4, while the experimental and simulats" 
parameters of this op-amp are dtscussed in more detail 
below. 

Once an op-amp design was chosen a basic circuit 
schematic was developed. The initial design had all four 
C20As and a selectable (variable a) group of resistors. 
This design was partially breadboarded and simulated but 
then found to be improbable when brought to the layout 
stage due to routing limitations. The circuit was then 
redesigned based on the knowledge of component location on 
the MLA Monochip and routing requirements. As a result, 
the schematics shown in Figures 4.5 and 4.6 were then 
chosen to be implemented and their performance was 
experimentally tested and simulated. These schematics show 
only three of the follr C20A5 “conpos tent oun. The fourth 
composite, -CZ0A=7. was not realized because of routing and 
component location limitations as discussed below. Bic 


should be noted that the lx 2x 3x numbers in the schematics 
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C20aA-1 Schematic Used for@intaarated Circus 
Layout 


a) 


Figure 4 
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Figure 4.6 C20A-3,4 Schematic Used for Integrated Circuit 
Layout 


es 


indicate the number of paralleled transistors in each of 
the indicated transistor positions. 

The circuit was made programmable by the switchable 
network of resistors shown in the schematic. The user can 
select any or all of the resistors to vary the resistance 
ratio 7a. Varying a, as was shown in chapter III, has the 
direct effect of varying eee: Thus the user can vary Q by 
either opening or shorting the switches on each resistor. 
A representutive illustration. of thio. Gt ect. yam the 


frequency response of CZOA-l by Var tne w ae tse lo. 7 in 


Figure aoa 
The switches used in the selectable resistor 
network required additional consideration. Initial ly ggme 


switches were simple NMOS transistors. Because of signal 
voltage swings, an NMOS switch is unacceptable. As the 
signal voltage changes, the gate-to-source, Ves, voltage 
changes. Depending on the magnitude of the signal voltage 
and the composite configuration, Ves could go below the 
threshold voltage of the NMOS transistor causing it to "tum 
Ota . A transmission gate was used to avoid this situation 
as shown in the schematics of Figures 4.5 and 4.6. 

In addition to the type of switch used, the 
impedance of the switch when used to short circuit ne 
respective resistor must be considered. Simulation showed 
a variation in the resistance as a funetion of drain toe 


source voltage and current (Figure 4.8). In most practical 
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Te 


applications the internal node voltages of the composites 
are small and vary about zero volts. In this situation the 
impedance of the switch varied little and was approximately 
ie cK ohms. However, the impedance across the 


transistors/switch must be considered if the signal voltage 


drop acess i1t is large (greater Plane! OL ee mos C 
commonly seen in the voltage follower configuration). The 
impedance of EE "on See can vary by as much as 800 
onms. uc Iecorres DOmuntout sChangins a and in turn Oe 


The worst case would beaten percent variance in Q about 
the desired value. This study accepted this limitation 
given that in most op-amp configurations with a gailn 
greater than five, the difference in Qis less than one 
percent. 

The circuit design phase included all of the other 
phases as trade offs and design changes were made. The 
final design. was a collaboration of routing limitations, 
component placement limitations, and simulation results. 

Deo tmiutation 

The circuit diagrams discussed above anda single 
CMOS type Pl op-amp were simulated usfrng the Berkeley SPICE 
version 2G. The listings used for the three CZ0AS are in 
the Appendix. The simulated frequency response and 
transient response were used to determine the expected slew 
Bate, 3 dB point, and the gain bandwidth product for the 


final integrated circuit design. Frequency response 


fae 


curves, used in determining the 3 dB point and GBWP, for an 
inverting finite gain maximally flat configuration are 
shown in Figures 4.9 through 4.12. The transient response, 
used to simulate and determine the slew rate, for the 
composites and a single type Pl op-amp are shown in Figures 
413 throug sees Because of stability requirements, tne 
CZO0A-1l1 composite could not be used in the standard voltage 
follower form for ee rate simulation. [It was simulated 
using a low (als iS er iene configuration. 

The equations shown in Figures 3.6 and 3.7 £4xwere 
used to calculate the theoretical offset voltage, 3. dB 
point, and GBWP. The calculated figures are compared in 
Figure 4.17 with those found in the SPICE simulation runs. 
In addition, Figure 4.18 shows a typical increase in 
bandwidth of the composite over the single operational 
amplifier. 

4. Breadboarding 

Prefabricated chips with the standard components 
available to the designer are used _ to breadboard the 
Circuit design. Actual performance measurements can then 
be taken and the circuit adjusted to obtain pear 
performance. Some common circuit components’) are also 
available in prefabricated form. These include several 
operational amplifiers, digital gates, and switeies: These 
components can also be put into the breadboard circuit. 


Once optimum performance of the breadboarded components was 
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achieved, the elrcuit |dragram used for layout was 
developed. 

AS previously mentioned, CMOS op-amps were obtained 
from Ferranti Interdesign, Inc. The op-amps (Figure 4.4) 
were wired into the four different C20A forms and _ then 
Mesctcead using the circuit shown in Figure 4.19. Slew rates 


aaoeGhWr were measured using the same equipment for each 


composite form. The equipment used included an 
memmeroscone FP 220A, ae dual power supply (HP 625):1-. 
Signal generator (WAVETEK Model ee and Paw digi tad 


multimeter (TEKTRONIX DM501). 

The results from experimentation which include slew 
rate, GBWP, and offset are listed in Figure 4.20. It must 
be noted that the transistors in the type Pl op-amp 
avallable for breadboarding are the small array transistors 
Om the MLA chip (Figure 4.3). The transistors used in the 
Merial construction of the final product will be of the 
medium and large analog types (Figure 4.3). This should 
allow for better performance in the manufactured chip than 
that achieved in the experimentation shown above. Indeed, 
simulation shows that performance is noticeably improved 
Beoane the larger transistors. 

oS. thavout of Chip 

Chip layout is accomplished by using an enlarged 

PHotocopy (on mylarjm of the actual chips The designer then 


uses non-graphite marking pencils to draw the 
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interconnections between circuit components. To ease this 


potentially tedious job, predrawn overlays are available 


for the common Slrewst components found in the 
breadboarding stage of design. Once all circuit components 
are interconnected, the layout is sent to Interdesign for 


digitization, simulation, and. t tia Sipe Pao Ucar 

The mylar layout sheet has predrawn grid markings 
that allow for appropriate spacing of metal lines (12 
microns). As is typical of integrated circuit desma 
interconnect lines must avoid running over other components 
on the chips. In custom VLSI design, this can be 
accomplished relatively easily because all components are 
movable and not already laid in silicon. The Monochip 
allows for changes in the metal routing only. This 
restriction caused several changes in the ultimate des igi 
Only two, C20A-1 and C20A-3, composite forms were generated 
for layout. Of the two, one, C20A-3, was made user- 
switchable to obtain a third form namely C20A-4. The 
Similarities between C20A-3 and C20A-4 can be readily seen 
ify Figures “3573 ame Baer The above constraints were taken 
back through the breadboard and simulation stages to 
achieve the results listed in cine chapter. The final 
design and layout sent to be manufactured will be discussed 


in section 6. 
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om Final Layout 


The final lay outuee Eigure 4,21) included 200 
transistors, 4 capacitors, and 10 resistors. Gio ine bLuded 
connections between four type Pl op-amps in the three 
moarlaple composite forms CZ0A-1, CZ0A-3, and C2Z0A-4. Each 
internal op-~amp was allowed a separate bias pin to allow 
the user to "tweak" the DC bias current on the individual 


op-amps thereby effecting the open loop gain and slew rate 


of the op-amp. Each composite op~-amp has a user selectable 
Emerange between 1 and 12d. ie wmmCrenO tim Lernial resistor 
matlo, is selectable by four control lines to each 


composites resistor network (Figures 4.6, 4.7). 

The composites appear to the user aS anormal 
operational amplifier in that they exhibit the three normal 
op-amp terminals: an inverting terminal, a non-inverting 
terminal, and an output terminal. The resultant chip will 


be packaged in a 24 pin dual inline package. 


C. CONCLUSIONS 


The implementation of a semi-custom integrated circuit 


requires’ several steps all of which are heavily 
interrelated. The payoffs to using semi-custom are fast 
manufacture and delivery time. Rnewmost. significant trade- 


mec ene inability of the chip to support complex circuit 
routing. The routing capabilities are extremely limiting 


unless the design 1S very repetitive using components in 
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Final layout of Programmable CMOS Composite 
Operational Amplifier 
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Silose proximity. The final layout 1s a conglomeration of 
all the design steps with many reiterations due to the 
associated trade-offs and limitations. The semi-custome 
chip ‘meets all specifications save one. Due to the routing 
limitations, the composite form C20A-2 was not integrated 


fimeo the chip. 


el 


V. CONCLUSIONS 


The objective of this thesis was to layout programmable 
composite operational amplifiers on a single integrated 
Crt ecules The concept and use of composites is well 


documented but heretofore never integrated on to a single 


Cierp. 

The basic operational amplifieér parametcrs of Goma 
offset voltage, slew rate ._limat ine. frequency dependent 
gain, and GBWP were discussed in Chapter I[. It was shown 


that a single operational amplifier that is both fast and 
accurate 1s impossible to obtain. This limitation (ie 
overcome and the available bandwidth extended by composite 
operational amplifiers. 

Chapter II elaborated on the basic op-amp parameters as 
they apply to CMOS (operat longa! seater eet tence The low 
transconductance of MOS transistors effects both the slew 
rate (improving it) and the offset voltage (degrading it). 
Through various techniques differences between MOS 
operational amplifiers and bipolar - operational amplifiers 
are minimized. It was shown that the CMOS op-amp- can 
generally be studied in the same manner as its’7 bipolar 
counterpart. 

The concept of composite operational amplifiers and the 


general approach to their generation was presented in 


ge 


G@mapter III. Composites showed potential for developing 
high speed, high accuracy, operational amplifiers’ that 
extend the useful operating frequencies of linear active 
networks. Of the 136 different C20A combinations, fol 
were shown to satisfy the given criteria and deliver 
Superior performance over single op-amps. The Cee inp t 
offset voltage was shown to be approximately the offset of 
me OpP-amp occupying the Al position. The AZ position 
determines the speed and bandwidth of the composiie. Cire 
meme tnat the compos®te Polerates mismatching of the GBWP 
of the individual op-amps allows a slow, bandwidth limited 
op-amp in the Al position with ae fast, generally less 
accurate, but large bandwidth op-amp in the A2 position. 
The result is a fast and accurate composite operational 
amplifier. 

Chapter IV discussed the - design procedures involved 
with the Ferranti Interdesign Monochip. ineo tinal? vayout 
mieuded CUO transistors, 4 capacitors, and 10 resistors. 
Four type Pl op-amps were interconnected into the three 
meompOosite forms CZ0A-1, CZ0A-3, and C20A-4. Each internal 
op-amp had a separate bias pin to allow the user to set the 
DC bias eugrent. “On the individual op-amps thereby 
Sontrolling the open loop gain and the slew rate of the op- 
amp. Each composite oop-amp had a user selectable a@ range 
between 1 and 12. The individual Poms t es were shown to 


appear as normal operational amplifiers in that they 


23 


exhibit an inverting terminal, a non-inverting terminal, 
and an output terminal. The final design and layout met 
all specifications except for the elimination of C20A-2 due 
to routing constraint. 

The fast manufacture and delivery time associated with 


semi-custom integrated circuit design makes it extremely 


desirable. The related drawbacks are the auinability to 
support complex circuit routing. The design procedure 
requires several heavily interrelated steps. The Final 


layout incorporated all of the predefined parameters and 
specifications except one. The routing limitations fomme 
during circuit layout limited the final design to iamem. 
three of the four C20A composite operational amplifiers. 
The final circuit has all of the desirable characteristics 


found in composite operational amplifiers. 
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Poaeure A. 1 


APPENDIX 


SPICE SIMULATION LISTINGS 


TEST CIRCUIT FOR CMOS OP=AMP P] 


-WLOTH IN=89 OUT=80 


u ,OPT ACCT LIST NODE LIMPTS=1200 
» OPTION ABOVE FOR ALL OUTPUT - BELOW FOR FREO RESPONSE CNLY 


«OPT NOMOD LIMPTS=12000 
™ SUBCIRCULT ONE STUFF HERE 
-SUBCKT OPAMP=P1 8 9 7 


-SUBCKT MEDNMOS 1 Zz 3 


M1 12 3 6 N Lel2.0U W=2¢.0U AD=720P AS=S1SP PD=108U 
*PS291U NRD=0.25 NRS=0.2 

-MODEL N NMOS LEVEL=2 VTO=1.051 TOX=1.0&-7 UO=780 TPG=0 
*NSUBS8 .25E15 LD=1.9U UCRIT=S08400 VEXP=0.10615 UTRA=O0.05 


*RGH=10 NFS=5.0E11 CJ= CISA=6.0E-10 VMAX=6.8E4 NEFFHG.0 


nea 


*XJ=1.6E=-6 CGDO=1.55N CGS0=21.55N CGBO=8.7N 


-ENDS MEDNMOS 


Ssubow) MegPMOs | 2es4 

M112 3 4 P Lel2.0U W=60.0U AD=1800P AS21290P PD=180U 
*PS2l6SU NRDZ0.12 NRS20.12 

VTOs=-0.915 TOX21.0E=7 UO=c00 TPG=0 
808.6 VEXP=0.505 UTRA=0.°05 


AMODEL P PMOS LEVEL=2 
*NSUB=S5.7E14 LD=1.8U 


a. 
Fed 


*RSH=350 NFS=5.0E1:) CJ=1.05E=-4 CUSW=5.0E-10 VMAX=5.0E&4 NEFF=10.0 
*XJ=1.0&-6 CGDO21.6N CGSO21.6N CGBO=8.7N 


-ENDS MEDPMOS 


vod 10 §& 
Vou 6 0 =S 
RB 15 16 SOK 
VB 16 0 0 


« VCFF= 8 0 .004123 
Revere eno 0 0.0 
Reels 15.1 11 MEDPMOS 


X62 15 15 1 11 MEDPMOS 


Rove 15 1 1) MEDPMOS 
See lS 1 tie MECPMOS 
Moo 5 bolt MEDPMOS 
X46 7 5 1 11 MEDPMOS 
X62 7 5 1 11 MEDPMOS 
X65 7 5 1 11 MEDPMOS 
Xl 3 8 © 11 MEDPMOS 
Mlo $ 8 < 11 MEDPMOS 
X2 6 $ 2 11 MEDPMOS 
Reees 9 2) 1) MEDPMOS 
x7 3 3 6 10 MEDNMOS 
x8 6 2 6 10 MEDNMOS 
x9 5 3 6 10 MEDNMOS 
X10 7 6 6 10 MEDNMOS 
K102 7 6 6 10 MEDNMOS 
X105 7 4 6 10 MEDNMOS 
CINT 7 © 10P 

VeGATE 11 i AC 0.0 
V-GATE 10 6 AC 0.0 
~-ENDS OPAMP=P 1 


Spice Simulation Listing - 
Operational Amplifier 


=hS 


ier or CMOS Type Pl 


MI 3 2 2 GPaMe=P} 
w RF 1 $5 SOOK 
RI 4 1 10K 


* VIN 6 0 AC .02 
* VGND 2 0 0 


* THIS IS THE PULSE VOLTAGE FOR SLEW RATE DETERMINATION 


VIN© 2 0 PULSE (-5 S GUS ENS ONS IOUS 20US) 


“ THESE ARE THE OUTPUT CARDS 

a 

-TRAN .2US 24US 

-PLOT TRAN VCE} VCS) 

«PRINT TRAN V(2) V3) 

a .AC CEC 200 10K LOMEG 

e .PRINT AC VCS) VOBCS) V2)? VOL) VIG) 
» ,PLOT AC VOB(3} 

END 


Figure A.2 Continuation soumbis tine 


a6 


J, 


TEST CIRCUIT FOR CMOS OP-AMP CZOA-1 Pl 

.WIOTH INsBQ OUT=BO 

» .OPT ACCT LIST NODE LIMPTS=1200 

” 

» THE OPTIONS ABOVE FOR ALL OUTPUT ~ BELOW FOR 

x FREQ/TRAN RESPONSE OATA ONLY 

A 

.OPT NOMOO LIMPTS=1200 

» THIS IS THE SIMULATEO OFFSET VOLTAGE 

" 

" VOFF+ § 0 0.001878 

" 

» THIS IS THE SUBCIRCUIT FOR GP-AMP IN Al POSITION 

L 

.SUBCKT OPAMP=P1 8 9 7 

.SUBCKT MEONMOS 1 2 3 6 

M1 12 3 4 N Lsl2.Q0U W226.0U ADs720P AS=515P PD=108U 
*®Ss91U NRD=0.25 NRS=0.25 

»MODEL N NMOS LEVELs2 VTO=1.051 TOX=1.0€-7 UO=7B9 TPG=0 
*NSUBS8.25215 LD21.9U UCRIT=28600 UEXP=0.10615 UTRA=0.25 
*RSH=10 NFS2S.0E11 Cls2.252-46 CuSWse.0E-10 VMAX2G.BEG NEFF=4.0 
*XJ=1.08-6 CGDO=1.55N CGSO=1.55N CG80=8.7N 

.ENOS MEDNMOS 

.SUBCKT MEDPMOS 1 2 3 4 

M1 123 4 P L212.0U W=60.0U AOs1BOOP ASs1290P PO=1BQU 
*PS=163U NRO=0.12 NRS=0.12 

.MOCEL ? PMOS LEVEL=2 VTO=-0.915 TOX=1.0&-7 UO2<00 TPG=0 
*NSUBS5.7E146 LO#1.BU UCRIT=21806.46 UEXP=0.305 UTRA=0.2 
*RSH=50 NFS=5.0E11 CJ=1.05E-4 CJSW=s3.08-10 VMAXs5.0E6 NEFF=10.0 
*XJ1.0€-6 CGOO#1.5N CGS021.6N CS30=8.7N 

.ENOS MEOPMOS 

voola 5 

VSS 6 9 =5 

RB 15 1lé SOK 

vB 1¢ 00 

» VOFF~ 8 0 .0061337 ‘ 
" VOFF+ 3 0 0.0 

X26 15 15 1 11 MEDPMOS 

X362 15 15 1 11 MEDPMOS 

X35 2 15 1 11 MEOPMOS 

X352 2.15 1 11 MEOPMOS 

X33 5 5 1 11 MEDPMOS 

X36 7 5 1 11 MEOPMOS 

X262 7.5 1 Ll MEDPMOS 

X5463 75 1 11 MEDPMOS 

XZ1 3 8 2 11 MEDPMOS 

X312 3.8 2 11 MEDPMOS 

X22 6 9 2 11 MEDPMOS 

X322 6 9 2 11 MEOPMOS 

X37 53 3 6 10 MEONMOS 

X28 4 3 6 10 MEDNMOS 

X29 5 3 6 10 MEONMOS 

X60 7 4 6 10 MEONMOS 

X602 7 4 6 10 MEDNMOS 

X403 7 4 6 10 MEONMOS 


Figure A.3 Spices otmu at ronmars tame — 2 for CZO0A—1 
Operational Amplifier 


of 


CINT 7 4 10P 

V*GATE 11 1 AC 0.0 

V-GATE 10 6 AC 0.0 

.ENDS OPAMP=P] 

” 

* THIS IS THE SUZCIRCUIT FOR OP-AMP IN A2 POSITION 

4 

.SU2CKT OPAMP=P2 8 9 7 

-sUBCKT MEDPMOS 1 2 3 4 

M1 123 4 P Ush2.0U W250.9U ADZ1800P AS21290P 2D=180U 
*2S2163U NROZO.12 NRS20.12 
.MODEL, P MOS LEVEL=2 VTO=-0.3915 TOX=1.0E-7 UO=4600 TPG=0 
*NSUB25.7E14 LDs1.8U UCRIT221306.4 UEXP=0.50S UTRA=0.¢5 

*RSH230 NFSsS.0E11-CJ=1.05€-4 CJSW2=7.0E-10 VMAX=S.0E4 NEFF=10.0 
*XJ21,0€-9 CGD021.6N CGSO=1.6N CG80=8.7N 

.=NDS MEDPMOS 

.SUBCKT LGNMOS 1 2 3 4 


MI 12.3 6 N L226.0U ws1SS.0U AD=456S0P ASs3ZISP PO=S70U 
*PS=23S3U NRD=0.98 NRS=0.C8 
MOCEL N NMOS LEVEL=c VTOs1.CS1 TOxX=21.0E&-7 YOzr7g0 T9Gs0 


*NSUBS8.CSE15 LO=21.9U UCRIT=094600 VEXP=0.104615 UTRA=0.25 
*RSH210 NFS=S.0E12 Cus2.c5€-< ClUSW=s6.9E-10 VMAX=4,8E46 NEFF=4.0 
*XJ31.6€-6 CS0021.SSN CGSO=1.SSN CG30=7.6N 

»-ENDS LGNMOS 

-SUBCKT LGPMOS 1 2 3 4 

M1 123 4 P L226.0U W2290.0U AD=8700P AS26255P PD=640U 
*PS=6272U NRD=0.1 NRS=0.1 

-MODEL P PMOS LEVEL=2 VTO=-0.915 TOX=1.0&-7 UO=<00 TPG=0 
*NSUB25.7E14 LD=1.8U UCRIT=21806.4 VEXP=0.305 UTRA=0.25 
*RSH230 NFSs5.0E€11 CJ=1.05&-4 CJSW=3.0E-10 VMAX=5.0E4 NEFF210.0 
*XJ21.0€-6 CGD0=21.6N CGSO031.6N CG3037.5N 

-ENDS LGPMOS 


¥oOo 10 5 
Voo0.0 —5 
R38 1S 16 SOK 
v8 1600 


a VCFF- 8 0 .0041337 

s VOEF* 9°90 0.0 

X46 15 15 1 11 MEOPMOS 
X402 15 15 1 11 MEDPMOS 
X65 2 18 1 11 MEDPMOS 
A452 2 15 1-1) MEGPMOS 
X63 5 5 1 11 LGPMOS 
X46 7 5 1 11 LGPMOS 
4462 7 5 1 11 LGPMOS 
A443 75 1 11 LGPMOS 
X41 3 8 2 11 LGPMOS 
M642 3 8 2 11 LGPMOS 
X42 4 39 2 11 LGPMOS 
M422 4 9 2 11 LGPMOS 


X47 3 3 3 10 LGNMOS 
X68 4 3 6 10 LGNMOS 
X49 5 3 6 10 LGNMOS 


ASQ 7 4 » 10 LGNMOS 
xX502 7 4 6 10 LGNMOS 
x5S03 7 4 6 10 LGNMOS 


Figure A.4 Continuation (of yds eee ee 
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CINT 7 4 1OP 

V*GATE I1 1 AC 0.0 

V-GATE 10 6 AC 0.9 

-ENDS OP AMP~P2 

* 

" THIS [TS THE MAIN CIRCUIT 

a 

X1 1 4 2 OPAMP=P1 

M2 2 6 $ OPAMP-P2 

Ri0 t 6 12.5K 

“ THESE ARE THRE VARIASLE ALPHA RESISTORS 
« RAo 1 7 50K 

RA7 1 2 50K 
* RAS 83 9 25K 
MORAD 9 2 2.5K 

RF 4 3 500K 

RI 5 4 10K 

“ 

" THIS IS THE PULSE VOLTAGE FOR SLEW RATE DETERMINATION 
* REMEMBER THAT 1*ALPHA < (14*K)/2 FOR STABILITY 

" 

* VIN= 5 0 PULSE (-1 1 6US CNS 2NS 1OUS 2003) 

Vine 60-0 

“ 

« THIS IS THE INPUT VOLTAGE FOR FINITE GAIN = GAIN 

* BANDWIDTH PRODUCT DETERMINATION K=50, ALPHAs4 

" 

VIN=- 5 0 AC O02 

" THESE ARE THE OUTPUT CARDS 

™ .TRAN .2US 24US 

-PLOT TRAN V(5) V3) 

* .PRINT TRAN Y(5) V(3) 

-AC CEC 200 10K I1OMEG 

-PRINT AC V(3) VDBCS) VC2) VC1) V4) 

«END 


Kegure A. 5 Continua enonmorwlrscting — 2 


SS 


TEST CrRCUIT FOR CMOS CP=-AMP CICA-3 ?P} 


-ALDTH 


IN=80 OUT=80 


« .OPT ACCT LIST NODE LIMPTS=1200 


” 


« THE OPTIONS ABOVE FOR ALL OUTPUT = BELOW FOR 
« FREO/TRAN RESPCNSE DATA CNLY 


a 


-SPT NOMOD LIMPTS=12000 


* THIS [3 THE SUSCIRCUIT FOR Cp-amP IN Al AND A2 POSITION 


-SUBCKT OPAMP=P1 8 9 7 
.SUBCKT MEDNMOS 1 2 3 4 


Ml lee 


346 N L2ll.0U Wse6.0U AD=720P AS=SISP PD=108U 


*PS=91U NRO=Z0.05 NRS20.05 ; 

.MCDEL N NMOS LEVELSS V7T9=1.951 TOX=1.9E-7 VYO=s780 TPG=0 
°N3U3S59 205225 LOs1.9U UCRIT=SLO9400 VYEXP=0.10615 UTRA=0.25 
*2SH210 NFS25.0211 Cyus2.cSE-4 CuSWwse.0E-10 YMAK=6.9E4 NEFE24.0 
*MJel.6&~-9 CSGCO=1.55N CSG30=1.55N CS30=3.7N 

-=NUS MEUDNHOS 

~-SUBCKT MEDPMOS 1 2 3 4 


Mie Ee 


34 P Lel2.0U wW=60.0U AD=1800P AS=1290P PD=180U 


*PS=163U NRD20.12 NRS20.12 

-MODEL P PMOS LEVEL=2 VTO==-0.915 TOX=1.0&=7 UO=400 TPGad 
*NSUB=5.7E16 LO=1.8U UCRIT=21806.4 VEXP=0.305 UTRA=0.25 

*RSH250 NFS25.0E11 Cli2l1.05%@=4 CJSNs3.0E-10 VMAX=5.0E4 NEFFs10.0 
*KJ=1.0E-6 CGO0=1.6N CGSO0=1.6N CG380=8.7N 


-ENDS MEDPMOS 


VOO 20 ss 
VSS 6 0 =5 
RB 15 16 50K 
V8 16 070 


" 


* VOFF=- 8 0 .0041237 


s THIS 13 THE SIMULATED OFFSET VOLTAGE 


a 


AGS 15 lolly Mebemas 


M62 15 15 1 I] MEOPMOS 


X5 2 15 1 11 MECDPMOS 
AS<c <2 15 1 LI MEDPMOS 
AZ 30591 11 MEGPMOS 
X46 75 1 11 MEOPMOS 
AGS 7 5 1 1) MEEPMOS 
X43 7 5 1 Il MEDPMOS 
XI 3 8 2 Il MECPHOS 
Mle 2 2 2 Tl MEOPMOS 
= 4 9 2 11 MEDPMOS 
XO2 4 9 2 11 MEDPMOS 
X7 3 3 6 10 MEDNMOS 
x8 4 3 6 10 MEONMOS 
x9 5 3 6 10 MEONMOS 
X10 7 4 6 10 MEDONMOS 
K102 7 46 6 10 MEDNMOS 
X103 7 4 6 10 MEONMOS 


Figure A.6§ 


Spice Simulation Listing om eon? One 
Operational Amplifier 
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CINT 7 4 LOP 
V*GATE 11 1 AC 0.0 
V-GATE 10 5 AC 0.0 
-=NDS OPAMP=-P 1} 


* THIS I[S THE MAIN CIRCUIT 


1 OPAMP=P 1 
3 OPAMP=P 1 
10K 

10K 

R10 2 4 12.5K 


a wits wW 


» THESE ARE THE VARIABLE ALPHA RESISTCRS 


“ RA6 1 7 SOK 


a Rea7 12 SOK 
* RAB 1 9 CSK 
RAY 1 2 12.5% 


* THIS IS THE INPUT VOLTAGE FOR FINITE GAIN ~ GAIN 
* BANDWIDTH PRODUCT CETERMINATION K=l, ALPHA=1 

* 

VIN® 6 0 0.0 

VINj 5 0 AC 1 

4 

« THIS IS THE PULSE VOLTAGE FOR SLEW RATE DETERMINATION 

« REMEMBER THAT 1*ALPMA > (1+K) FOR STABILITY - VOLTAGE FOLLOWER 


eevee 0 PULSE (-S S S6US INS ono 10uUS 20Ua) 
« THESE ARE THE OUTPUT CARDS 

*» TRAN .CUS <24US 

« .PLOT TRAN V(6) V(3) 

* .PRINT TRAN V(6) V(3}) 

-AC DEC 200 10K 10MEG 


PRINT AC V(3) VOBC3) VCZ) VOL) V¢4) 
-END 


Reaeore A. 7 ConPrinuactoneotelusting -— 3 
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TEST CIRCUIT FOR CMOS OP~AMP CoOA=4 P) 
eAIDTH IN=30 OUT=80 
s .OPT ACCT LIST NODE LIMPTS21200 


» THE OPTIONS ABOVE FOR ALL OUTPUT - BELOW FOR 
4 FREQ/TRAN RESPONSE DATA CNLY 


4 


-OPT NOMOD LIMPTS=1200 


“ THIS [S THE SUBCIRCUIT FOR OP-aAMP IN Al ANO AQ POSITION 


eoUBCKT OPAMP=P1 8 9 7 

»SUBCKT MEONMOS 1 2 3 4 

M1 1235 6 N Lel2.0U W224.0U AQz720P ASS515P POs108U 

*PS291U NRDz0.205 NRS=0.25 

-MOCEL N NMOS LEVEL=2 VTC=1.051 TOX21.9&-7 UO=780 TPG=0 
*NSUB28. 28215 LOsl.9U UCRIT=28600 LEXP20.10615 UTRAsO.¢ 
ePSHS10 NFSF5 CELL Cost. cSE&-4 ClSW25.98&-19 VMAXs4¢.3E4 NEFFS4.90 
*XJ2=1.6&-6 CGDO=1.55N CGSC21.55N CGB80=3.7N 

-ENOS MEDNMCS 

-sJBCKT “SECPMOS } = 5 6 

M1 123 4 P L2l2.0U W=60.0U AO=1800P AS=1290P PO=180U 
*PS=s163U NROZ0.12 NRS320.12 

-MOCEL P °MOS LEVEL=2 VTOs-0.915 TOX21.0&=-7 VYO=400 TPG=0 
*NSUBS5.7E14 LO=1.3U UCRIT=21806.% VEXP=0.705 UTRA=0.25 
*RSH=50 NFS25.0E11 CJjsl.35&-4 CJSW25.0E-10 VMAXs5.0E4 NEFF=Z10.0 
*XJ=1.92-6 CG00=1.6N CGSO21l.eN CSB0=8.7N 


-ENOS MEDPMOS 
VOO 16 5 
VSS ¢ 0 -5 

noo ls 16° 50K 
VB 16 0 0 


a VOFF= 8 0 .0041227 


“ THIS [3 THE SIMULATEO OFFSET VOLTAGE 


R615, 1S) PieMEeeMcs 


Ao. 15,15 ] 11 MECPHCS 


AS cel onl fle neue wes 
N52 2901S) big teuercs 
x2 5 5 1 11 MESPMOS 
M475 1 11 MEDPMOS 
Men ¢ 9 1 ll svMeceMes 
AGS 7 5 2 11) MEOPMOS 
xl $ 8 < Tl) MEDPNOS 
X12 3 8 3 ll MESPMOS 
X24 9 2 Ll MEDPMOS 
Macc G 9 2 Lt REDPMOCS 
A7 3 3 6 10 MEONMOS 
AB 4 $ 6 10 MEONMOS 
x9 5 3 6 10 MEDNMOS 
X10 7 4 6 19 MEDNMOS 
102 7 4 6 10 MEONMOS 
103 7 4 6 10 MEONMOS 


Figure A.8 


Spice Simulation lis eure s. 
Operational Amplifier 


oi 


4 for C204-4 


CINT 7 4 ICP 

V*GATE 11 1 AC Q.9 

V-GATE 10 3 AC 0.0 

eENOS CPAMP=P 1 

Py 

* THIS IS THE MAIN CIRCUIT 


ALeaeoL OPAMP=P I 
Aa @ 2 2 OPAMP=P 1 
RF 4 3 10K 
Ri 5 4 10K 


aides 6) f2.5K 
t 

“ THESE ARE THE VARIABLE ALPMA RESISTORS 
a 

» RA6 I 7 SOK 

RA7 1 9 50K 
RAS 9 8 25K 
RAY B 2 12.5K 

a 

" THIS IS THE INPUT VOLTAGE FOR FINITE GAIN - GAIN 

* BANOWIDTH PROOUCT OETERHINATION Ksl, ALPHA=7 

a" 

VIN® 6 0 0.0 

VIN= 5 0 AC I 

a 

" THIS IS THE PULSE VOLTAGE FOR SLEW RATE DETERMINATION 

* REMEMBER THAT L*ALPHA > 48(1*K) FOR STABILITY ~ VOLTAGE FOLLOWER 
. 

* VIN® 6 0 PULSE (-5 5 46US 2NS 2NS 10US 20US) 

< 

s THESE ARE THE OUTPUT CARDS 

“ 

« .TRAN .2US 246US 

« .PLOT TRAN V(6) V(3) 

x ,PRINT TRAN V(5) V(3) 

.AC DEC 200 10K LOMES 

sPRINT AC V(3) VOB(3) V2) VOI) V(4) 

ENO 


Figure A.9Q Come liar lonmormhistuing — 4 
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